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- FOREWORD i
%

] The study reported herein was performed by the U. S. Army Engineer ‘

Waterways Experiment Station (WES) for the Office s Secretary of Defense ;

‘ (0sD), Advanced@ Research Projects Agency (ARPA), and is a portion of one =‘

task of the overall Mobility Environmental Research Study (MERS) sponsored

o by OSD/ARPA for wnich the WES was the prime contractor and the U. S. Ammy ;

E; Materiel Command (AMC) was the service agent. The broad mission of Project ,

: ;; MERS was to determine the effects of the various features of the physical '

; environment on the performance of cross-countr:f ground contact vehicles and

i to provide therefrom datz that cen be used to _,improve both the design and

§ employment oi such vehicles. A condition of %he project was that the data

; be irierpretable in terms of vehicle requireéents for Southeast Asia. The

f funds employed for this study were allocatéd to WES through AMC under ARPA

§ Crder Ho. 400. Some funds for preparatign and pubiication of this report

were provided by the Directorate of Deyelopment and Engineering, AMC, under
Department of the Army Project 1V025¢01A131, "Military Evaluation of Geo- .
graphic Areas,” and Task -02, "Surface Mobility," of Project 1T062103A046, .
"prafficability and Mobility Resgarch.” The study was performed during the

<
3
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period April 1965 to October 1§55 under the general guidance and super-
vision of the MERS Branch of /the WES, the staff element of WES responsible
for the technical managemert and direction of the MERS program.

This appendix is :sfe of seven to a report entitled An Analytical

Model for Predicting Cr/oss—Country Vehicle Performance. These appendixes

are:

A, Instrumentation of Test Vehicles

k2 P/ S AEAAS R AL ED

B. TVehicle Performance in Lateral and Longitudinal Obstacles
(Vegetation)
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Volume I: Lateral Cbstacles
Volume II: Leongitudirnal Obstaclies
C. Vehicle Performance in Vertical Obstacles (Surface Geometry)

D. Performance of Amphibious Vehicles in the Water-Land Inter-
face (Hydrologic Geometry)

E. Quantification of the Screening Effects of Vegetation on
Driver's Vision and Vehicle Speed

F. Soil-Vehicle Relations on Scft Clay Soils (Surface
Composition)

G. Application of Analytical Model to United States and Thailand
Terrains

P e gt o . . A STV MBS A FLD e WA bt A3

The study was conducted by personnel of the Mobility and Environmental
(M2E) Division, under the general supervision of Mr. W. J. Tarnbull, Tech-
nical Assistant for Soils ard Environmental Engineering; Mr. W. G. Shockley
and Mr. 5. J. Knight, Chief and Assistant Chief, respectively, MRE Division;
Mr. A. A. Rula, Chief, Vehicle Studies Branch; Mr. W. E. Grabau, Chie?f,
Terrain Anzlysis Branch; and Mr. J. X. Stoll, Chief, Obstacle-Vehicle
Studies Section. Special acknowledgment is made to Mr. E. S. Rush, Chief, .
Soil-Vehicle Studies Section, who provided data essential to the analysis

22 TR N ST e 3L LT TR

Ty s

from his "work in progress.” The tests reported hereir were conducted by
Mr. B. G. Stinson. Analysis of the data was performed by Mr. C. A.

Blackmon. This report was written by Messrs. Blackmon, Stinson, and Stoll.
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Directors of the WES during this study and preparation of this report
were COL Alex G. Sutton, Jr., CE, COL John R. Oswvlt, Jr., CE, and
COL Levi A. Brown, CE. Technical Directors were Messrs. J. B. Tiffany and
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMERT

British units of measurements used in this report can be converted to metric

units as follows:

Maultiply

inches

feet

miles (U. S. statute)
cubic inches

gallons (U. S. liquid)
pounds

tons (2000 1b)

pounds per square inch

foot-pounds

By

2.5k
0.3048
1.60934k4
16.3871
0.003785
0.45359237
907.185
0.070307
0.138255

ix

To Obtain

centimeters

reters

kilometers

cubic centimeters

cubic meters

kilograms

kilograms

kilograms per square centimeter

meter-kilograms
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SUMMARY

Forty tests were conducted with two amphibious tracked vehicles and
cne amphibious wheeled vehicle at Eglin Air Force Base, Fla., and near Khon
Kaen, Thailand, to determine the vehicles' capabilities for exiting closed
bodies of water. FEmpirical relations, based on the data collected in this
study and in previous studies, are presented to support the conclusions
that performance of amphibious tracked and wheeled vehicles (in terms of
"go-no go") in the water-land interface can be correlated with soil
strength (expressed as average cone index of the O- to 6-in. soil layer),
and that the slope-climbing ability in the water-land interface of the
tracked vehicles iested compares favorably with that of the same vehicles
operating on land surfaces of similar soil composition and consistency.
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AN ANATLYTICAL MODEL FOR PREDICTING
CRCSS-COUNTRY VEHICLE PERFORMANCE

R AT A OIRKINGRY '
:
1
- W ovey e rat ST
: .
0 ‘v o * LY 2

APPENDIX D: PERFORMANCE OF AMPHIBIOUS VEHICLES IN THE
WATER-LAND INTERFACE (HYDROLOGIC GEOMETRY)

R At AP SR P A, Y S 9o S YY)

PART I: INTRODUCTION
Background

1. The main text of this report describes the development of an
analytical model for predicting the cross-country performance of a vehicle.
The model was based on an energy concept within the framework of classical
mechanics that requires that cause-and-effect reiations be established be-

tween discrete terrain factors and vehicle response. The terrain factors

pts o,
LRI o s g, i AN I RN AR RG>

considered in the analytical model are (a) surface geometry, (b) surface

. composition, (c) vegetation, and (d) hydrologic geometry. This appendix
deals with cne aspect of the hydrologic geometry factor--the effects of the
] water-land interface on vehicles exiting from bodies of water. The con-

{ figuration of the bank, coupled with the position of the water surface with
respect to that configuration, may be mcre critical to cross-country move-
nent than the presence of water per se. In addition to the adverse bank

geometry, the bank surface may consist of weak or slippery materials, which

further affect vehicle performance.

LN AR

2. Although the importance cof the problems associated with stream
exits has long been recognized, at the beginning of this program few, if

any, tests had been conducted for the specific purpose of investigating

WO ,“3‘,‘ >

3 i these problems and no definitive data were available. However, results of
2 slope-climbing tests in wetv fine- and coarse-grained soils were available

3 3 and were used both in the design and analysis of the tests reported herein.

Purpose and Scope

E f 3. This appendix describes the water-land interface tests conducted

¥ in the United States and in Thailand during the period October-April 1965.
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The gereral purpose of these tests was to obtain data relating character-
istics of the water-land interface to vehicle performance in terms suitable
for use in developirg that portion of the enelytical model for cross-
comntry performance. The specific purvoses were (a) to determine if ve-
kicle performance in terms of "go-no go" could be related to the slope,
composition, and strengin of the soil at the water-land interface, and

(b) to compare vehicle performance in the water-land interface and on land
areas of similar ccmposition and consistency.

k. Porty tests were conducted with three amphibious vehicies at two
general locations. The tests were corducted in closed water bodies to
elinminate the influences of wave action and current velocity. Surface com-
rosition of the test sites in terms of the Unified Soil Classification

tem {USCS) ranged from silty sands (SP-SM) to fzt clay (CE) in the O- to
12-in.* layer. Bank slopes ranged from 11 to 68 vercent.

* A table of factors for converting British units of measurement to metric
units is presented on page ix.
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PART II: TEST FROGRAM

Location ané Description of Test Sites

5. One test site (E-H-5) was at Eglin Air Force Base (AFB) near Fort
Walton Beach, Fla. (fig. D1). The site was approximately 20 miles north-
west of Fort Walton Beach and about 10 miles north of the intersection of

Highways 98 and 87. All other test §sites were aboui 6 miles scuth of

INTERFACE

%-a-s

MHWY Ay

VICINITY MAP
EGLIN AFB, FLORIDA

SCALE
El 1) » 30w

@ WATER-LAND INTERFACE SITE €43

LOCATION OF SITE

SCALE

Fig. D1. Location of test site, Eglin AFB, Fla.

Khon Kaen, Thailand, in roadside borrow pits adjacent to Highway 21
(fig. D2).
Eglin AFB test site

6. The test site was a small reservoir fhat provided ideal condi-
tions for testing on the slopes of the dam embankment. The slopes of the

embankment where the tests were conducted ranged from 25 %o 51 percent.
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The soil to depths of 12 in. consisied of silty sands (SP-SM) (see
iable D1). The section of embaniment selected for testing was void of
vegetation except for scattered clumps of water weeds and grass

(fig. D3).

Fig. D3. Site E-H-5, Eglin AFB

Khon Kaen test sites

7. Ten sites were selected at the borrow pits south of Khon Kaen.
They were designated 5-H-1 E, 5-H-1 W, 5-H-2 through 5-H-8, and 5-H-10.
The maximum slope at these sites varied from 1l to 68 percent. The soils

to depchs of 12 in. were predominantly silts and clays. Most of the sites

were void of vegetation; however, a few sites supportad a sparse cowver of

P

short water grasses. A summary of soil data is given in table D1. Two of

the test sites are shown in fig. DL,
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3 Vehicles Tested 3
y ]
8. Three amphibious vehicles were used in the testing program. Two f§
of these vehicles were personnel carriers propelled by track-laying systems. !g
The third vehicle was an articulated carge truck propelled by rubver-tired 5 g
wheels. The two tracked vehicles were equipped with fairly elaborate meas- é
: uving snd recording sysisms.® Desoripbions of the three vehicles and per- - %
tinent engineering characteristics are presented in the following $
paragrapis.
Amphibious cargo carrier, M2OC
9. The M2XC is a low silhouette, tracked vehicle (fig. D5) designed

to transport personnel or light cargo on land and water., Watertight com-

partments in bow and stern 2dd to the buoyancy of the vehicle. The stern
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Fig. D5. Amphibious cargo carrier, M29C
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compartment is fitted with rudders to steer the vehicle in auvhibious oper-

PO

-

ations. The vehicle is powered with a liquid-cooled six-cylinder engine
located in the right front of the hull., Power is transmitted from the

engine to the rear axle by a power train consisting of a single plate

clutch, conventional transmission, and a two-speed axle unit with combined

T R GO TR RS R ET T T
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* This instrumentatioan is discussed in detail in Appendix A of WES
Technical Report No. 3-783.1
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A. SIDE VIEW
NOTE: ALL DIMENSIONS ARE IN INCHES.
L 67.3 -
1
f~ pianetary differential.
The vehicle weighs
| 4778 1b empty. Maximm
i
o recommended payload, in-
--4L—— - cluding crew, is 1200 1b,
i i | = mzaking a maximum Zgross
J
L I weight of 5978 1b and a
l 2s | ground contact pressure
~t 1 of 1.92 psi. For the
1 - ]
i L*__LEL.] tests reported herein,
45
gross vehicle weight was
B. FRONT VIEW 5600 1b #or the Eglin AFB
Fig. D6. Dimensions of the M29C tests and 6100 1b for the

tact pressures of 1.79 and 1.96 psi. respectively).

Thailand tests {ground con-

Physical dimensions of

the vehicle and other pertinent information are given in fig. D6.
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Amphibicus personnel cearrier, ML13

10. The ML13 armored personnel carrier is a tracked vehicle (fig. D7)

designed to tramsport 12 troops,
plus driver. It is capable of
amphitious operation across lakes
and streams, of extended cross-
country travel over rough terrain,
and of high-speed operation on im-
proved roads and highways. Power
is supplied by a 209-hp Chrysler
Model 75 M engine coupled through
a transfer case to an Allison
TX200-2A transmission (hydraulic)
and an FMC DS200 controlled dif-

Fig. DT.

Armored personnel carrier M113

ferential. The ML13 has torsion-bar suspension with 10 individually sprung,

dual rubber-tired bogie wheels. Dimensions of this vehicle are shown in
fig. DB. The net weight of the vehicle is 20,310 1b. Coambat loaded and

fully equipped the gross weight is 23,520 1b.

Ground contact pressure for

combat operation is 7.5 psi. During conduct of the water-land interface

tests the vehicle weight was 22,018 1b, and ground contact pressure was ac-

cordingly reduced to approximately 7.0 psi.

When ifloating, the distance

from the bottom of the vehicle's tracks to the waterline is 59 in. Evalua-

tion of results of tests of the amphibious capabilities of the ML13 have

been previously reported by Development and Proof Services, U. S. Proving

Ground, Aberdeen, Md.2
X561, 6x6, 1-1/4~ton cargo truck

11. The XM561 is a wheeled vehicle (fig. D9) that was designed to

replace current standard 1/2- and 3/4-ton vehicles. It is capable of am-

phibious operation across lakes and streams, of off-road operation over

fairly rough terrain, and of high-speed operation on improved roads and

highways. Dimensions of the XM561 are given in fig. D10. Other pertinent

engineering characteristics of the XM561 are shown on page D12.
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Fig. D9. XMp6l, 6x6, 1-i/k-ton articulated cargo truck
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Weight:

Curb--=--ecmcccnas Semmceaece——— fmmmcte e acc - 6370 1b
; GYOS S m o me s e e e e e e e e e e e e 9280 1b
I Testedeemmmmmcmccm e cc e m e e m e e ——o e o480 1b
! Tires: (Tubeléss, NDCC, 11.00-18, L4-FR)
f Cross-country inflation pressuree-e=---ccccccccacccacaas 12 psi
Tire diameter (at 12 psi)-ecccocmmmmcm o caanns 37.C in.
Tire deflection (percent of tire section height
: at: 1547 1b and 12 psi)e-eccccmcmmmmac e ceaee 18.5 percent

Ground contact pressure for cross-country travel is approxi-
mately 12 psi.

Transfer---Manual, two speed, ratios 1.05:1 and 1.80:1

Transmission--~four speeds forward, one reverse. Manual syn-
chromesh except first and reverse. Ratios 7.06:1, 3.58:1,
1.71:1, 1.00:1, and reverse 6.78:1.

Engine-~-Three cylinder, liquid cooled, vertical in-line
diesel, Model GM3-53, 159.3-cu-in. displacement, 103 hLp at
2800 rpm, 215 1b-ft torque at 1500 rpm.

Fuel capacity--mmem—e—mcemrc e e e 4C gal

Susper:sion~--~-Independent, with coil spring at each wheel on
front and rear axles. Single-leaf springs on center axle.
Center axle rolls #+15 deg left or right independent of
spring deflection.

Steering~--Mechanical coordinated steering of front and rear
wheels.

Special features~---Articulated two-body design. Roll at
center axle 15 deg, rear axle +30 deg; pitch at rear axlie
iﬁo deg. Vehicle floats and swims using wheels for
propulsion.

12. The articulated two-body design concept of the XM561 provides
near uniform loading of the six wheels on nearly all types of terrain. It
is this articulation feature of the vehicle that allows +30-deg roll and

+i0-deg pitch between the tractor and carrier bodies. The center wheel as-
sembly, including the differential carrier and the complete suspension sys-
tem, is attached to the tractor and supported by a bearing forward and aft
of the carrier assembly. This assewmbly can rotate +15 deg about the tractor
»0ll axis and is independent of the carrier body in rcll and pitch. Lateral
pivoting of the carrier is not provided, thus eliminating the possibili*y of

jackknifing of the tractor -and carrier. The front and rear wheels are
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mechanically commected through the articulation joint to give coordinated

front and rear steering. g

_T_'_est Procedure and Performance Data

\ vy

% 13. In all tests, an attempt was made to maneuver the vehicle into ¢ g
starting position in the water sufficiently far from the bank that the ve-

hicle could attain its maximum speed in the water before contacting the
bank, andé so tkat the projected path of the vehicle would be directly in
line with the aspect of the bank slope to minimize the steering necessary
after the vehicle contacted the bank. The approach to the bank was made in

2 SRRV

high geear at full power. As near as possible tn the anticipated point of

contact with the bank, the driver shifted tc a lower gear and applied suffi-

cient power throughout the transition from the water to the land to ensure

maxisnm traction. When the vehicle had passed a point one vehicle length :‘;

from the water's edge, or when it hecame apparent the vehicie could not pro-

MR 00 o £ | rate X RANRY S SRR LR

PR/ S

3 ceed to that point, the test was terminated.
1 14, Pertinent notes describing the test conditions, and especially 3
§ % the ease or difficulty of movement experienced by the vehicle, were made for w
& 3 all tests. 1In addition, instrumentation installed on the M29C cargo carrier
i 3 and the Ml13 amphibious personnel carrier reccrded continuous measurements '
“ E of drive-line torque, right- and left-track revolutions, time, water pres-
F %” sure on cells located below the waterline at the front and rear of the
i‘ 5 vehicie, angle of pitch as determined by vertical gyroscope, and rate of
’ tagline playout. Some of these data are summarized herein (table I2); the
rest are filed for future reference.
: Site and Soil Data Obtained
": 3
g ) Prefiles

é». 15. Two cross~-section profiles, one for each wheel or track path,

were obtained according to the following controls:

’ a. Considering the water's edge as station zero, elevation
3 measurements were taken, proceeding from land into the
X water, at 1-ft horizontal increments or at points whers
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significant changes occurred in the profile until reaching
the water depth at which initial vehicle~bank contact was
anticipated. Since the draft of the Mil3 is 59 in., in
Thailand profiles below the water were taken to a gepth of
5 ©% to standardize data collection procedures.

Ca the land side of the water's edge, elevation measurements
were taken =2s often as necessary to reproduce any feature of
the swrface that might affect vehicle performance. All

abrupt chenges in slope were included. Where slope changes
were indistinguishable, the elevation measurements were

taken at 1-f%t increments. The profile was extended upslope
a distance equal to at least one vehicle length. To stand-
ardize data collection procedures, ir Thailand profiles up-
slope from the water's edge were extended to 20 ft. An ex-
ample of the layout of profile measurements is shown in

fig. D11.

o

STATION *“ZERO"

FROFILE DATA TAKEN AT
i-FT HORIZONTAL INCREMENTS

......

987
v RN

.....

Tl WATER'S EDGE

POINTS OF SLOPE
DISCONTINUITY

1
I LIMITS OF WATER.LAND
: INTERFACE TRANSITION

\

DEPTH AT WHICH INITIAL
VEHICLE-BANK CONTACT
IS ANTICIPATED

Fig. D11. Layout of profile measurements

Soil

16. Soil measucements were made with the cone penetrometer and shear-
graph at sufficiently close intervals on the bank below and ebove the water
surface to adequately describe the conditions of soil strength existing at

each site. The following measurements were made:

2. Shea:cgraph.3 Surface shear strength measurements were made
with the Cohron sheargraph at two or three locations on the
land side of the water's edge and at two locations on the
aquatic side of the water's edge. Additional measurements
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were made x-_fhen deemed necessary. On the aguatic side the
measurements were made in water 6 in. or less in depth. The

vaned or grousered shear head was used to measure scil g 5
strength for those tests involving tracked vehicles, ané the ¢ X
rubber~faced shear head was employed for the tests irwolving 5
the wheeled vehicle. Time was not available for an analysis : {
of these data; however, they are summarized herein (table D2). ; f
for possible future use. ; j
b. Cone index. Cone indexes were measured at the surface and % -
at depths of 1, 3, 6, 9, 12, and 18 in. at ten points on the ; 4
land side and at ten points on the aquatic side of the. ;;
water's edge at each site. Additional cone indexes were i :
measured when deemed necessary. The average cone indexes i :
for the surface and the 3- and 6-in. depths, and the aver- 31 E
age for the O- to 6-in. depths for each site are included ﬁF E

in table D2.

c. Bulk samples. Samples for classification of the soil ac- i
cording to the USCS were obtained from the O- to 12-in. ‘ :
layer for each site.

ot

e

ar e v

Other Data Obtained

17. Other data collected included pertinent notes, observations, and
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photographs.
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PART TTT: TEST RESULTS AND AHALYSIS

318. A preiiminary invéstigatior intended to identify the significant
Physical elements and their interxrelations assccizted with amphibious vehi-
cle transition from water to land was uncdertaken prior to conduct of field
tests. The results of the preliminary investigaticn indicated that during
the period of tramsition there is a continmuous increase in vehicle weight
acting normal to the bank commensurate with a continuous dGecrease in
buoyancy force. Stated more simply, as the vehicle emerges from the water
the tractive force required to climb the slope of the bank increases; con-
currently, the load normal to the slope increases and the tractive ferce
that can be developed increases. Presumably, an incremental analysis could
resolve the forces involved at each irnstant during the water-to-land transi-

tion and pinpoint the exact conditions existing at all times. While it is

believed. that sufficient data were available to permit such a detailed anal-
ysis, the development of the complex computer program that would be required

was beyond the scope of this investigation. A cursory examination of the
field data suggested that a simple aralysis, using established procedures,
would yield empirical relations of soil strength and siope that might be

used to predict performance of similar vehicles in the water-land interface.

Resolution of Forces on a Sliope

19. It is assumed that when a vehicle is operating on a slope the
maximum tractive force the vehicle can develop is proportional to the maxi-
mum tractive force that can be developed on a level in the same ratio as
the load normal to the slope to vehicle weight on a level. The equation
for the maximum force that can be developed (Fm d) by a vehicle traveling

upslope may be written as

o (W cos e) _ -
Fq= Tm<-—-w--— =T cos @ (1)

or since T =DBP +R_,
m s

D16

L L Y P

PO N e vy, sew

Fp R SOF aaa s Yo e r

e . I ——— e ———— - E—— B

i AR SR NS YA e TS AL T Mook oy ThL Y30 e AN of W ey AT ORI Ml ooz, Lo ot e T v s e L




73
E
s
9
-

F 4 = DBP cos 6 + R cos e (2)
where
Tm = maximum tractive force on level soil surface, 1b
W = vehicle weight, 1b
8 = angle of ground surface from the horizontal, deg
DBP = drawbar pull on level soil surface, lb
Rs = motion resistance due to soil on level surface, 1b
20, The resisting force due to gravity (FS) when the vehicle is
traveling upslope is equal to that component of vehicle weight exerted

paraliel to the slope and may be expressed by the eguation
FS =W sin 0 (3)

21l. The maximum force required (Fmr) for the vehicle to climb the
slope may be determined by the equation

Fmr=Wsin9+Rscose (&)
22. The maximum slope a vehicle can climb will occur when the maxi-

mum force required is just equal to the maximum force that can be developed

and may be determined by setting equation L4 equal to equation 2.
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5 : W sin @ + R cos © = DBP cos 6 + R_ cos ©

3 3

£

3 3 Then by reducing

T :

; ‘ sin 6 _ DBP

B . =

: 3 cos © W

g‘ or

: 4 tan 6 = 2BE (5)
1 -

] o :

% E 23. The concepts of mobility expressed in the general form of the

i equations above gained acceptance by early investigators in mobility work
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and are widely used as a basis for interpreting results of mcbility field
tests. The results of the tests reported herein are discussed in the fcol-

lowing paragraphs.

Tests in Coarse~Grain=d Soils

2h. Five water-land interface tests were conducted with the MPOC in
the reservoir at Eglin AFB. These tests were intended primarily to acquzint
the driver and test personnel with the water-land interface test procedures
to be used later in the program in Thailand; hence the data ccllected were
minimal. Since only & small section of the bank was ubilized, and since
the scil strength appeared to be uniform throughout the area, the same soil
strength values were used for zll five tests. Fig. D12 shows the MPOC at-
tempting to make the water-to-land transition at the Eglin AFB test area.

25. In sddition to the test resulis obtained at Eglin AFB, results
of 19 drawbar pull tests conducted with the M2OC on level dry-~to-moist sand
in the vicinity of Vicksburg, Miss., and reported in Technical ¥emorandum
No. 3-2k0, 1Tth Supplement ,}4 were used in the analysis. BPBefore-~traffic

Fig. D12. M29C attempting to make water-
to-land transition at Eglin AFB test site
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cone index for the Eglin AFB tests and firsi-pass drawbar pull data for the
Vicksburg tests are summarized in tables D2 and D3, respectively.

26. The analysis of the resuits of tests in coarse-grained soils con-=
sists of a plot of the tangent of the slope angie 6 (for the Eglin AFB
tests) and maximm drawbar pull/vehicle weight (for the Vicksburg tests)
versus the average O~ to 6-in. cone index. These data are shown graphi-
cally in plate Dl. The horizontal line representing the average DBB/W'value
(0.49) for the Vicksburg tests, extended, forms a iine of separation between
jmmobilizations and nonimmobilizations for the Eglin tests. Despite the
obvious limitations of these tests, i%* is noteworthy that the two tests in
which tan @ > average DBP/W resulted in immobilizations and that the
tests in which %an 9 < average DBP/W resulted in nonimmobilizations were

«s would be expected.

Tests in Fine-Graired Soils

27. For this part of the study, 35 water-land interface tesis weve
conducted with two tracked and one wheeled vehicle in th: vicinity o7
Khon Kaen on fine~grained soils: 9 tests were conducted with the M2GC
cargo carrier, 18 tests with the ML1l3 personnel carrier, and 8 tests with
the XM561 articulated cargo truck. Data for these tests are summarized in
table D2, A4vailable drawbar pull, slope, and soil strength data for wet-
surface conditions previously reported in other studies were also used iun
the snalysis, and the data were analyzed in much the same manner as that
for the coarse-~grained soil tests. Although previous trafficability
studies” in fine-grained soils have related the drawbar pull and the slope-~
climbing performance of vehicles for 4O to 50 passes to the strengtn of &
subsurface "eritical layer" (3- to 9-in., 6- to 12-in., or 9~ to 15-in,
layer, dependent upon vehicle weight), more recent effort and work in prog-
ress have suggested that one-pass performance in the same terms may be
more closely allied with the soil strength nearer the surface. Accordingly,
the average O~ to 6-in. cone index was selected as the parameter to repre-

sent soil strength in thig analysis.
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Performance of the M29C
28. For the M29C, sufficient data were available to examine the ef-

fect of soil strength {CI) on drawbar pull and slope-climbing performance.
The results of the analysis aye discussed in the following paragraphs.

29. Mississippi tests., Results of 11 tests conducted on level, wet

areas were used in developing drawbar pull=scoil strength relations for

These tests were conducted at Grenada Lake, Miss., and

fine-grained soils.
are reported in WES Contract Report No. 3-152¢6 Before~traffic cone index
and first-pass drawbar pull data used in the analysis are summarized in
table Dit. A plot of maximum drawbar pull expressed as a ratio to veaicle
weight versus the average 0- to 6-in. cone index is shown in fig. a,

plate D2. The curve drawn through the data points represents the iine of
best visual fit. DNote that the curve is extrapolated, as indicated by the
dashed line, to the zero drawbar pull point (i.e., the minimm soil strength
required for one pass on a level surface). This value, CI = 9 , was deter-
mined on the basis of tests in other programs and work currently in

progress.
30. Thailand tests. The test results for the nine water-iand inter-

face tests conducted in Thailand wherein the vehicle climbed various slopes
while exiting water bodies are sumarized in table D2. Fig. D13 shows
three tests in progress. A plot of the tangent of the slope angle versus
the average O- to 6-in. cone index for these tests is shown in fig. b,
plate D2. The drawbar pull-soil strength curve from fig. a, plate D2, has
been drawn on fig. b, plate D2, tc form a line of separation between the
immobilizations and the nonirmobilizations. Two tests, 134 and 136, in
which immobilization did not occur fall sbove the line of separation where
it would be expected that the combination of slope and soil strength would
immobiiize the vehicle. Referring to table D2, it may be seen that in '
test 134, the recorded slip for the test was LL.6 percent, indicating that
the vehicle was proceeding with considerable difficulty. It may be further
seen from table D2 that the Lh.6 percent slip for test 134 was the highest
slip recorded for any M29C tests, barring the immobilizations, of course.
Again referring to table D2, it may be noted that the vehicle was partially

floating when it crossed the maximum slope in test 136; hence, the maximum
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attitude angie of the vehicle was somewhat less than ‘the maximum slcpe
angle. In both cases, moreover, the points are not unacceptably distant
from the line of sepsration.
Performunce of the ML13

31. Thailand tests.

corducted near Knon Ksen with the M1l3 are summarized in table D2.

The results of 18 water-land interface tesis

Fig.
D14 shows a test in progress. A plot of the tangent ¢t the slope angle
versus the average O~ to 6-in. cone index is shown in fig. a, plate D3.

The minimue soil strength required for one pass on a level surface is indi-

cated tc be at CI = 13 ; this value was determined on ‘the basis of tests 5
in other programs and work now in progress. No drawbar pull data were
available for the M113 personnel carrier in fine-grained soils with wet ‘
surfaces; therefore the drawbar pull-soil strength curve for the M29( from

fig. a, plate D2, was superimposed on this plot using the minimum soil

strength required for one pass of the MLi3 (CI = 13) as the starting point.

In other words, the curve drawn on fig. a2, plate D3, is the curve from v
fig. a, plate D2, shified 4 cone index points to the right. By way of ex-

plangtion of the use of the MROC curve displaced tc represent the perform-

ance of the M113, it may be pointed out that in Technical Memorandum No.
3-240, 1hth Supplemen.t,5 Knight presents sn average curve for all tracked
vehicles with grousers less than 1-1/2 in., using as a strength parameter
the soil strength above minimum soil strength required, which is of course
equi&alent to repetition of the same curve intersecting a constant soil
strength axis at various minimum soil strengths. It may be further pointed
out that the M29C and the ML13 arz both relatively lightweight vehicles

of generally similar configuration.

32, As a line of separation beiween immobilizations and nonimmobeli-
zations, this curve appears to fit the data acceptably. It may be noted
from fig. a, plate D3, that two points fall on the wrong side of the line
of separation; however, they are so close to the line of separation that
no justification appears necessary.

33. Panama tests. As stated above, no drawbar pull data were avail-
able for the ML13 personnel carrier in fine-grained soils with wet sur- ,

faces; however, some fine-grained soil, slope-climbing test data on wet
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surface soils were available for tests conduected with the ML13 in Panama,

e o d—

and they have been included in the dzta analysis. The analysis performed

PRYT IR L AN

I and the rationale involved is the same as that discussed for ML1l3 tests
conducted in Thailand.

3k, Twelve tests conducted in Panama were used in the analysis, and

Yot ot
X
AN I PR et o iy

the data are summarized in table D5. A plot of the tangent cof the slope

angle versus the average O- to 6-in. cone index for the Panama tests is

shown in fig. b, plate D3. The drawbar-soil strength curve from fig. a,

i plate D2, shifted to the right to intercept the abscissa at the minimm

soil stremgth required for one pass (CI = 13), serves as the line of separa-

tion betweer immobilizations and nonimmobilizations. 1t may be seen from
fig. b, plate D3, that only one point, test 7, falls on the wrong side of
the line of separation. The field notes for this test indicate that sticks

and branches were placed on this slope to serve as traction aids arnd that

the slope was ralatively short. In the cited report, the authors state '

that "In many cases, successfvl negotiation of a short slope was aided by

a running start."
| Performance of the XM561

35. Eight tests were conducted in fine-grained soils with the XM561

It e N Lo oy o o DR SAAAAN | R 17 (R MRS R vty

at test sites located south of Khon Kaen. Tesht dats are summarized fer

each test in table D2. The data were analyzed in the same manner as that

for the tracked vehicle tests and consisted of plotting the tangent of
the maximum slope anglc 1or each water-land interface test versus the
average O- tc 6-in. cone index (see plate D4). The minimum soil strength

reauired for one pass was computed by a semiempirical method* developed

o A o e A Bres

v e, camvnn vam ¥ e v, (g P
RN VDT I SO A RV AN S N T )

and now being evaluated by WES. The curve of best visual fit was drawn

e v o
at

AT

geparating the immobilizations from the nonimmobilizations using the one-

-~

| pass soll strength as a starting point. A search for comparative tests

LA a

with this vehicle was unrewarding ; thus due to the paucity of test results,

| especially in the criticsl 20 to 80 cone index range, the curve must be

* Work in progress and curves relating a computed mobility index to the
vehicle cone index required for one pass and fifty passes of & vehicle on
level soil are described in "Quarterly Progress Report on Waterways
Experiment Station Research and Developnent Projects™ for the first
quarter of 1969.
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regarded with caution. Nevertheless, it is believed that the curve indi-

cates a reasonaple approximation of the perfcrmsnce of the XM561 in the
water-land interface.

36. From observations made during the XM561 tests it was noted that
articulation is an important factor in making the transition from wster to

land. The articulation joint allows the front urit of the XM561 to conform

I CR 0 A A 8 3 YA A

\

to the shape of the interface immedistely upon contact with the bank, thus
putting four wheels in contact with the bank surface at the most critical
time during the transition phase. It was observed during the tests that

at least some kinetic energy obtaized from water speed was frequently neces;
sary to start the XM561 u»p the bank. Fig. D15 shows the YM561 operating in
the water-land iuterface,

1
g
!

a. XM561 immobi-

lized in water-

land interface at
site 5-H-i4

L reaiy e s A e 15 i

b. XM561 negoti-

ating the water-

land interface at
site 5-H-6

GO £ o3y

LN D Ml MR S AT SR S 3 S
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T e T

SR
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d £ SR,

Fig. D15. Two XM561 tests in progress near ¥hon Kaen
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Comparison of the performance
of tracked and wheeled vehicles

37. The performeance curves for the three vehicles are shown jin plate
D5. To collapse the curves of the tracked@ vehicles and to facilitate com-
varison, the abscissa of the plot is in terms of cone index points above
minimum soil strength required for one pass (VCIl). It may be seen from the
curves in plate D5 thaet a small increase in strength above the minimum re-
guired for one pass resulted in a larger increase in performance for the
wheeled vehicle than for the tracked vehicles. This has been frequently ob-

served in field tests, and no satisfactory explaration has yet been obtained.

Notes and Observations

38. Vhile it is believed that the curves in plate D5 do represent the
performance of the vehicles tested in this program and may be used to predict
the performance of these or simiiar vehicles in analczous terrain, the reader
is reminded that the soil strengih data are rathexr limited, that relatively
few tests reflect combinations of soil strength and slope that are in close
proximity to the line of separation between go or no-go condition, and that
the effect of kinetic energy may have enabled the vehicles to negotiate some
shorter slopes that would otherwise have resulted in immobilizations.

3%. Tne study and definition of the interrelations of forces acting on

: an amnhibious vehicle leavirg the water, and the results of the limited num-

ber of field tests conducted, indicate the performance of amphibious vehicles
making the water tc land transition is largely dependent upon the amount of
tractive force that the subagueous scils will sustain. Previous studies of
soil-vehicle systems have revealed that the tractive force a wvehicle can de-
velop in weak soils is, in turn, largely a function of (a) the normal stress
(in psi) a vehicle's tractive elements apply to the ground (1), and (b) the
gross area (Ac) over which the normal stress is applied. During the water to
land transition, | and Ac vary continuously until the vehicle emerges com-~
pletely from the water; consequentiy performance and the factors affecting it

are continuously changing as the vehicle goes from a free-floating condition

to emergence on dry land.
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PART IV: COICLUSIONS AND RECOMMENDATIOKS

Conclusions

40. Based on the analysis of the data herein, and subject to the

limits imposed by these data, the following conclusions are oifered:

g.

Li. It

o’

The performance of tracked and wheeled vehicles in terms
of "go-no go" in the water-land interface can be empiri-
cally correlated with the soil strength expressed in terms
of the average cone index of the O~ to 6-in. scil layer
(paragraphs 26, 30, 31, and 35).

The slope-climbing performance of the MI13 and MP9C in the
water-land interface compares favorably with that of the
same vehicles operating on land surfaces of similar soil
composition and consistency (paragraphs 29, 30, and 34j.

Recommendations

is recommended that:

Additional studies be conducted to improve and extend the
relations presented in this report, and to develop rela-
tions that account for all significant factors having an
effect on vehicle performance in entering and exiting
water bodies.

The mathematical model developed for use in predicting
cross-country vehicle performance include provisions for
predicting performance of amphibious vehicles in the
water-land interface.
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Table D2

__Bank Slope _ Track

Avg Cene Index

Sheargraph®

On Land

Test 1065 Angle Tanrent Slin at De—dh | 27, oei04 Water :
Site Ba. Mo, Sate  deg oOfAcgle § G 3 6 06 c.psi tan @ c, pst tanf  Test Results
113 (Test Weight 22,018 1b), Tests Conducted neur Khon ¥scn in Fine-Grained Soils
5-4.2 & 135Spt 6.0 0.1 27.7 11 8 1126 76 2,0 051 2.9 0.kl Not immcbilized Pressure cell data nct valid
S-H-1 W 85 15 Sept 1k L 0.25 k2.8 33 203 272 153 1.4 0.2 3.3 0.32 ot iz=mobilized
5-H-5 8 15 Sept 16.0 0.29 %1.31 . Hot irsobilized
P } 12 1% 28 1" 2.0 0k &3 o. {
§=il-5 87 15 Sept 16.8  0.30 37.5 Hot irmobilized Slope was difficult to negotiate
5-H-l 83 15 sept 20.8 .38 33.8 flot irmcbilized Initial contact of the uneven bank
\ angle of spproxirately 30 deg.
“Hl S, 5 S .8 0.h2 100.0 I 3 d
>H % 15 sept 22 15 173 238 W3 1k .23 2. ol { ooeilize
534 9 16 Sept 20.8 0.38  47.0 Not irmobilized
5--k 91 16 Sept 22.8 0.k2 100.0 B Ircobilized the vehicle was imobilized with fro
S=Hk 92 1( Sept 20.83 0.38 7.1 Not iz=mcbilized Test engineer stated that morentum
slightly to the left after encount
-H- 16 Sept  20.5 0.37 8.6 ot irmobilized Vehjcle veered slightly to the lert
>-4-3 3 P 2 > }35 301 330 222 0.k 017 1.0 0.28] z ¢ Ve ently :
5-4-3 ¢k 16 sept 10.3  0.35 k3.3 Yot irmobilized The gyroscope data are questionebles
5-H-1 E 9% 1€ Sept £.9 0.12 7.5 €2 136 139 12 -~ - - - Hot irmobilized nitiel contact of the unaven bank
S-H-6 g6 16 Sept 2.3 0.k 5.8 lot irmobilized
S-il-6 97 16 Ssept 21.8  0.kO 50.0 Not imxobilized Forvard notion of the vehicle stoppe
29 136 179 135 96 0.17 1.5 0.3 The driver disengiged the power tn
vehicle in = forward gear and corn
5-#-6 98 16 sept 2.5 0.451 48.2 Hot irmobilized
~H- 101 1€ Sep 2.6 0.6h 100.0 bilized 3 vexr to the in
5-H-8 pt 32 }67 158 180 138 0.0 0.22 1.3 048 {Imo ilize Generatcr supplying power to the
5-:-8 102 16 Sept 31.2  0.60 100.0 Izmobilized
5-H-7 103 16 Sept 3/.2  0.68 100.0 22 7% 28% 160 1.2 - 2.3 042 Irzobilized
M26C (Test ¥eight €100 1b), Tesis Conducted near Kron Kaen in Fine-Grained Soile 1
5-H-2 130 24 Sent 7.5 0.13 0.0 28 113 18 109 l.c 0.20 1.5 0.38 lot irmobilized Vehicle made the transition with no
5-i-5 131 2% sept 19.9  0.3¢ 27.7 Kot irmobilized The driver experienced difficulty sh
6 16 263 135 2.0 6.6 1.7 0.52 ceme to a cozplete stop on the slof
5=-H-5 132 2h Sept 19.9 0.36 c.0 Not immobilized The vehicle stopped momentarity whent
exit
5-il-k 133 2k Sept 23.7  O.hb 0.0 2% 152 313 163 0.€ C.hk 4,0 0.12 Kot ircobilized 2
5-H-b 13 2k sept 2k.0  0.k5 Lk € Saze as test 88 ~== Not imaobilized
5-H-3 135 2k sept 22.8 0.2 15.5 Same as test 93 Hot irmobilized
5-H-€ 136 24 Sept 2:.2  0.b5 6.0 23 157 207 129 0.0 0.22 0.5  0.17 Vot immobilized Vehicle wes partially floating at p
5-H-8 137 24 Sept 29.9 0.58  100.0 Irmobilized
) 33 11 225 o 1.2 0.37 2.1 .
5-i-10 138 2k sept 28.€ 0.5k 100.0 Irmobilized The test conditions were very satis
M26C (Test Weight 5600 1b), Tests Conducted at Eglin AFB in Coarse-Grained Soils i
E-H-5 316 16 Apr  2k.3 045 -- ot irmobilized
E-H-5 317 16 Apr 27.0 0.51 1C0.0 Immobilized
E-H-5 318 16 Aapr  1k0  0.25 -- 15 1 12 . o 0 Mot immobiiized The engine stalled on the first att
5015 18033 0.0 -2 as the driver shifted to & lower g
E-}-5 319 1€ Apr 26.€ 0.50 100.0 Irmnbilized
E~H-5 520 16 Apr 22.8 0.42 - Not immobilized Water washed over the top of ine rel
making the transiticn
X561 (Test Weight 9480 1b), Tests Conducted near Khon Kaen in Fine-Graived Soils
5+i-5 188 2 Oct 20.8 0.38 -- e —eeee Game 2§ test 131——————— Immobilized The vehicle was irmobilized on thye
S=i-l 180 2 Cet 22.3 o.h1 - e Same as test 133———————# Tmmobilized The vehicle was immobilized on two
S-H-1W 190 2 Oct 18.8 0.34 - 20 19C 300+ 170+ - - - - Not immobilized The vehicle easily negotiated the sl
R
5-H-1 £ 191 2 Oct 15.2 0.27 --} - .Same as test 95 R { Not immobilized The vehicle easily negotiated ihe
5-H-1W 192 2 vt 18.3 0.33 - Not immobilized
5-H-2 195 2 Oct 11.9 0.23 -— 5 30 56 30 - - - .- Not immobilized
5-H-6 196 2 Oct 17.8  0.32 -- 32 81 11 85 -- -- - - Not immobilized
(\ 5-H-T 197 2 Oct 17.8  0.32 - 32 80 1b3 85 - - - - Not iraobilized The vehicle completed the transitios
* Values given for sheargraph are ¢, cchesion; tan ¢ , friction angle. %
E3
33
2
:;\
1
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Table D2

e S N AT s

Bl Y - - ‘4 > - T <

[

< Shcargrapht
23 Boicd Water On Land
c,.nsi tan 9 ¢, psi tan @  Test Besults

Geacral Test lickes

E 1113 [ Test Weight 22,018 1b), Tests Conducied nesr Khon Xaen in Fine-Grained Soils

0.51 Mot l=obilized
0.32 Not i=mmobilized
Not imwobilized
Hot irmobilized
liot irmobilizea

2,0 0.1
1.k .12

2.9
3.3

2.0 0.4 k.3 0.65

Icmobilized
Hot irdobilized
Irmobilized
Not icmobilized

1.k 0.23 2.1

0.17 1.0 0.28

Not izmobilized
Not irmobilized
lot immobilized
Not immobilized

[

0.0 0.17

Not irmobilized

Jemobilized

mmobilized
0.42 Immobilized

0.0 0.22 1.3 0.48

{
{Rot irmobilized
b

1.2 - 2.3

Pressure cell ¢ats not valid

Siope was difficult to negotiate

Initial coentact of the uneven dank with the left track caused the vehicle to exit at an oblique
angle of approxizately 20 deg. The distance-measuring device did not operate properly

The vehicle was immobilized with front portion of tracks cut of the water

Test engineer stated that =ctentun aided the vehicle in making the transition.
slighntly to the left after encountering the bonk

The vehicle veered

Vehicle veered slightly to the left after encountering the bank
The gyroscope data are questionsble

Initial contact of the uneven bank by the right track caused the vehicle to veer slightly to the left

Forward moticn of the vehicle stopped at ozne point in the transition when irack slip reached 1COf.
The driver disengaged the power train and let tae vehicle roll tackvard a few inches, then put the
vehicle in a forvard gear and cozmpleted the exit withcut difficulty

Cenerator supplying vower to the irst.uzentetion system failed before test wes cempleted

1#29C {Test Heipht €100 1b), Tests Conducted near rxhon Kaen in Fine-Grained Soils

1.2 0.20 1.5 0.38 Not immobilized
Not imnobilized
2.0 0.6 1.7 0.52
ot immobilized
0.6 0.k 5.0 0.12 HNot irmobilized

Saxme as test 88 Not immcbilized

Sare as test 93——————smmere—ne liot irmobilized
0.0 0.22 0.k 0.17 tHot immobilized

Inmobilized

1.2 0. 2.1 0.52
3 > {Imobi 1ized

M29C (Test Weight 5€00 2L}, Tesis

Vehicle made the transition with no difficulty

The driver experienced difficulty shifting to & lower gear after contcct with the bans.
came to a cozplete stop on the slcpe before the driver engaged the lcver gear

The vehicle stopped mozenterily when tle driver shiftcd to a lower geer, but easily cocpleted the
exit

The vehicle

Vehicle vas partially floating at point of raximum slope angle

The test conditicns were very satisfactory, but the slope was toc steep for the vehicle to clizb

Conducted at Eglin AFB in Coarse-Grained Soils

Not immobilized
Tmmobiilized

Not immobilized

0.0 0.29

Irmobilized
Not immobilized

The engine stalled cn the first attempt to make the transition, but the second attempt was successful
as the driver shifted to 2 lcwer gear irmediately before contact with the banX

Water washed over the top of the rear of the tank as the vehicle reached a raxirum attitude in
raking the transition

X561 (Test Weight oi80 1b), Tests Conducted near Khon Kaen in Fine-Grained Soils

Same as test 131——————— Immobilized
- Same as test 133————=—— Tmmobilized
"170+ .- - Not immobilized
] Same as test 95 { Not imnobilized
Not immobilized
Not immobilized
Not immobilized
Not immobilized

The vehicle was irmobilized on three attempts with the front wheels out of the water
The vechicle was immobilized on two attemprs with the front wheels out of the water
The venicle easily negotiated the slope

The vehicle easily negntiated the slope

The vehicle completed the transition with very little difficulty
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Summary of Daia aud Test Results, M2 (Test Weight 5560 1b)

Teble D3

N,
N

on Coarse-Grained Soil {SP)*

TN

Avg
Cone Index
Item Test 0- to 6-in. DBP
No. No. Layer W
1 66 129 G.50
2 67 17 0.50
3 68 13k c.u8
L 59 126 0.48
5 70 132 0.49
5 71 112 0.k9
7 T2 115 0.h9
8 73 131 0.48
9 Th 125 0.43
10 75 98 0.50

Avg
Cone Index

tem  Test O0- %o 6-in. DEP
No. No. Layer Y

11 75 127 0.50
12 78 151 0.50
13 79 137 0.50
1k 80 131 0.48
15 81 12 0.5¢
16 82 135 0.50
17 83 13k 0.50
18 84 gLIN N 0.50
19 85 140 0.50

Average 0.49

¥ TFrom Technical Memorandum No. 3-240, 17th Supplement.l
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Table D4

Summary of Data and Test Results, M2OC (Test Weight 5960 1b)

on Fine-Grained Soil (ML)*

Test
Code

ggg No.

12606
12706

12806

14308
16611

17611

Avg Cone Index

pulls

at Depih, in. DBP

0 3 .6 06 _W Remarks

it 43 7% 44 0.31 Surface bare, some surface water, one
max pull

14 38 60 37 0.23 Surface bare, some surface water, one
max pull

18 42 62 kW1 0.26 Surface bare, some surface water, avg
of two pulls

17 b 62 41 0.26 Surface bare, some surface water, one

max pulil

16 44 sk 38 0.26 Surface bare and wet, avg of two pulls

4 4o 3L 0.27 Surface bare and wet, avg of two pulls

23 1ok 137 88 0.34 Surface bare and wet, one max pull at
35% slip

38 121 152 104 0.40 Surface bare and wet, one max pull at
30% slip

2k 112 116 84 0.34 Surface bare and wet, one max pull at
35% slip

65 294 257 205 0.48 80% veg cover, surface damp, avg of
nine pulls

58 224 189 157 0.50 Surface bare and damp, avg of nine

* From Contract Report No. 3-152.6
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% Table D5

Swmary of Data and Test Results, ML13 (Test Weight 21,000 1b)
on Sandy Silts (MH) and Fat Clays (CH)*

TRy

USCS Avg

Soil Tangent Cone Index
Test Classi- of Slope O~ tc 6-in.
No. fication Angle Layer

Test Results Remarks

oo et v e ffy v
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B M g 3~y ats
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DA U 060 b OB e RO R i o T T O

1B

7
{

9
ik

20
21
30
39
40
41
17

0.00
0.43

2 2

0.28
0.13
0.59
0.43
0.53
0.32
0.58
0.59
0.30

2R RERBERBEERE

11
76

9

Immobilized

Not immobilized

Not immobilized
Not immobilized
Immobilized
Tmmobilized
Immobilized
Not immobilized
Tmmobilized
Immobilized

Not immmobilized

Surface wet

Rained 10 min prior
to testing

Raining during test

Surface
Surface
Surface
Surface
Surface
Surface
Surface

Surface

wet
wet
wet
wet
vet
wet
wet
wet

% From Technical Keport No. 3-609.7
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L8 0.52 69 Immobilized Surface wet 3
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